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Abstract Duanqiao hydrothermal field is located between
the Indomed and Gallieni fracture zones at the central
volcano, at 50280E in the ultraslow-spreading Southwest
Indian Ridge (SWIR). Twenty-eight subsamples from a
relict chimney and massive sulfides were dated using the
230Th/238U method. Four main episodes of hydrothermal
activity were determined according to the restricted results:
68.9–84.3, 43.9–48.4, 25.3–34.8, and 0.7–17.3 kyrs.
Hydrothermal activity of Duanqiao probably started about
84.3 (±0.5) kyrs ago and ceased about 0.737
(±0.023) kyrs ago. The periodic character of hydrothermal
activity may be related to the heat source provided by the
interaction of local magmatism and tectonism. The esti-
mated mean growth rate of the sulfide chimney is
\0.02 mm/yr. This study is the first to estimate the growth
rate of chimneys in the SWIR. The maximum age of the
relict chimney in Duanqiao hydrothermal filed is close to
that of the chimneys from Mt. Jourdanne (70 kyrs). The
hydrothermal activity in Dragon Flag field is much more
recent than that of Duanqiao or Mt. Jourdanne fields. The
massive sulfides are younger than the sulfides from other
hydrothermal fields such as Rainbow, Sonne and Ashadze-
2. The preliminarily estimated reserves of sulfide ores of
Duanqiao are approximately 0.5–2.9 million tons.
Keywords Southwest Indian Ridge (SWIR)  Duanqiao 
Hydrothermal sulfides  230Th/238U dating  Hydrothermal
activity  Growth rate
Introduction
The 230Th/238U dating method was widely applied to deter-
mine the age of seafloor hydrothermal sulfides (Lalou et al.
1985, 1993, 1995, 1998a, b). This method is usually used for
dating samples aged between 5 and 350 kyrs (Lalou et al.
1993; Lalou and Brichet 1987). The development of analytic
techniques has greatly improved the dating precision in the
age range from 10 to 600 kyrs by multi-collector inductively
coupled plasma mass (MC-ICP-MS) (Cheng et al. 2013; Shen
et al. 2008, 2013; Ludwig et al. 2011; Andersen et al. 2008).
When applying the 230Th/238U dating method, two assump-
tions are made: the negligible initial 230Th and closed system
decay after mineral formation (Lalou et al. 1985, 1986). Other
U–Th disequilibrium methods such as 226Ra/210Pb,
228Ra/228Th and 210Pb/Pb were used to determine the age of
deposits\150 years (Lalou et al. 1986; Jamieson et al. 2013).
While the ESR (electron spin resonance) dating of barite
(226Ra/228Ra) in seafloor hydrothermal fields can obtain ages
of 300–3620 years (Kasuya et al. 1991; Okumura et al. 2010).
So far, the 230Th/238U dating was used to obtain the ages of
seafloor massive sulfide deposits from the East Pacific Ridge
(EPR), the Mid-Atlantic Ridge (MAR) and the Central Indian
Ridge (CIR) (Lalou and Brichet 1982, 1986, 1988, 1998a, b;
You and Bickle 1998; Kuznetsov et al. 2006, 2007, 2011,
2013, 2015; Mu¨nch et al. 1999; Wang et al. 2012). The
limited data established Trans-Atlantic Geotraverse (TAG) as
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one of the longest-lived active vent field with a maximum age
of 50 kyrs (Lalou et al. 1995; You and Bickle 1998). The data
suggests that the lifespan of a hydrothermal deposit is on a
scale of 105 years.
In the Southwest Indian Ridge, 230Th/238U dating has
only been used on sulfides from Mt. Jourdanne
hydrothermal field. The evolution history of Mt. Jourdanne
has been reconstructed and the hydrothermal activities has
been indicated (Mu¨nch et al. 2001). Duanqiao hydrother-
mal filed is located between the Indomed Fracture Zone
(FZ) and Gallieni FZ at the central volcano at 50280E on
the SWIR. It was first discovered by the R/V Dayangyihao
cruise in 2008 (Tao et al. 2012). Previous studies of
Duanqiao hydorhermal field were mainly focused on geo-
physics and molecule biology. Sauter et al. (2004) inves-
tigated the relationships between the segmentation and the
magnetic structure of the SWIR. A unique segment cen-
tered at 50280E shows obviously low magnetic anomaly at
its center. Li et al. (2015) used three-dimensional seismic
tomography at 50280E and revealed a low-velocity
anomaly (*0.6 km/s) which was accompanied by an
unusually thick crust (*9.5 km). Niu et al. (2015) also
identified the thick crust (*10 km) beneath the segment
center by wide-angle seismic reflection. Li et al. (2013)
reported the geochemical and molecular biological com-
positions of low-temperature hydrothermal deposits. Sun
et al. (2015) further investigated the mineralization of these
deposits indicating the presence of Fe-oxidizing bacteria.
However there is no study aimed at the age of sulfides from
this hydrothermal field. And there is no information about
when the hydrothermal activity happened.
During the R/V Dayangyihao cruises DY115-20 in 2008
and DY125-34 in 2015, several hydrothermal sulfides (in-
cluding a relict sulfide chimney and massive sulfides) were
recovered by TV-guided grab at Duanqiao hydrothermal
field. In this study, a complementary 230Th/238U
geochronological study of hydrothermal sulfides from the
hydrothermal field was done. The hydrothermal activity of
the field was discussed. The age distribution of the relict
chimney and its growth history were also discussed.
Geological setting
The SWIR extends from the Bouvet Triple Junction
(54500S, 00400W) in the South Atlantic Ocean to the
Rodrigues Triple Junction (25300S,70000E) in the Indian
Ocean with a distance of about 8000 km, representing
more than 10 % of the total length of the global mid-ocean
ridge. It separates the African and Antarctic plates. It is an
ultraslow-spreading ridge (Dick et al. 2003) with a full
spreading rate of *13–16 mm/yr (Georgen et al. 2003).
The average thickness of the crust is 4 km which is much
thinner than the average thickness of the ocean crust (about
7 km) (Baker and German 2004). However, beneath the
central volcano the crust is as thick as *9.5 km (Li et al.
2015). The ultraslow-spreading SWIR is characterized by
ridge segmentation and non-magmatism (Cannat et al.
2003; Sauter and Cannat 2010). The ridge segment
between the Gallieni fracture zone FZ (52200E) and
Indomed FZ (46E) is situated in the central shallow por-
tion of the SWIR (Fig. 1a). Geophysical survey results
Fig. 1 Topographic map of the Southwest Indian Ridge (SWIR),
from Meyzen et al. (2005), showing the locations of sampling sites.
a Bathymetric map of SWIR. The red square indicates the study area.
Black starts show the hydrothermal fields. DII, Discovery II FZ; In,
Indomed FZ; GA, Gallieni FZ; AII, Atlantis II FZ; MEL, Melville FZ;
FZ, fracture zone. b Bathymetric map of the study area. The red and
blue stars represent the active and inactive filed respectively.
c Sampling locations. The red, blue, black, cyan and yellow circles




show that this region has experienced a dramatic increase
in magma supply since 8–10 Ma (Sauter et al. 2004, 2009).
The combined effects of magma supply, thermal sources of
magmatic activities, unique tectonic setting and hotspots,
make hydrothermal system and sulfide mineralization
along the SWIR are extremely complicated (Georgen et al.
2001; Sauter et al. 2009; Tao et al. 2014).
Duanqiao hydrothermal field (50280E) was detected by
deep-tow video imaging and measurements of weak Eh,
pH, and H2S anomalies, and it is *200 m 9 125 m in
extent, similar to the S zone at Dragon Flag hydrothermal
field (Tao et al. 2012) (Fig. 1b). Hydrothermal sulfides
including relict chimneys and massive sulfides, opals,
basalts, metalliferous sediments, and relicts of hydrother-
mal vent fauna including abundant molluscs and gastropod
shells are pervasive in the field (Fig. 1c).
Sample description
Two TV guided grab stations were carried out on Duanqiao
hydrothermal field during the DY115-20 and DY125-34
cruises of R/V Dayang Yihao in 2008 and 2015. The relict
inactive chimney and the massive sulfides were collected by
TV grab during the DY125-34 cruise and DY115-20 cruises,
respectively. All the sulfides lie at the depth between 1720 and
1780 m (Fig. 1c). Two cross-sections of the relict chimney
(34-T8-1 and 34-T8-2) and two massive sulfides (20-T8-1 and
20-T8-4) were selected for 230Th/238U dating.
Both of the two chimney cross-sections have central con-
duits filled with sphalerite and pyrite. The diameter of conduits
ranges from 0.3 to 1 cm. The chimney cross-sections were cut
into pieces for analysis (Fig. 2a, b). The massive sulfides were
also sub-sampled by micro-drilling (Fig. 2c, d). The mineral
assemblages of all the samples consist mainly of chalcopyrite,
sphalerite, pyrite and marcasite. Sphalerite and pyrite are
commonly replaced by chalcopyrite.
Analytical methods
Twenty-eight sub-samples were selected for 230Th/238U dating.
U and Th chemical separations and the mass spectrometry
analysis were performed at the U-series chronology lab of
Institute of Geology and Geophysics (IGG), Chinese Academy
of Sciences. The chemical separation procedures were similar
to those described in Edwards et al. (1987) and Cheng et al.
(2013). About 30–300 mg of the powered samples were
weighted in an acid-cleaned Teflon beaker, and dissolved first
in HNO3, then in HF and HClO4 to ensure that the samples
were completely dissolved. As yield tracer, 229Th–233U–236U
spike were added to the sample solutions. After adding two
drops of HClO4, the samples were caped and heated for 12 h
at 100 C to remove organic matter and equilibrate the spike
with sample. Uranium and Thorium were separated using Fe-
coprecipitation and ion-exchang chromatography (2.5 ml col-
umns with BioRad AG1-X8, 100–200 mesh). After removing
the other metal ions with 7 M HNO3, thorium was eluted off
the column with 8 M HCl, and uranium was eluted by 0.1 M
HNO3. The purified U and Th fractions were evaporated until
dry and taken up with 2 % HNO3 ? 0.1 % HF, and then
stored in acid-cleaned plastic ICP-vials. Procedural blanks
were measured regularly and nine-month average values were
8.6 pg 238U, 0.05 pg 238U and 0.2 pg 232Th (Wang et al.
2016). A gravimetric U solution was also prepared by dis-
solving a weighted piece of NBS-CRM-112A metal, obtained
from New Brunswick Laboratories. The 234U/238U ratio is
(52.841 ± 0.082) 9 10-6, and d234U is (-38.7 ± 1.5) %
(Cheng et al. 2000, 2013; Wang et al. 2016). HU-1(Harwell
Uraninite) and NBS Th were used as the standard for U and
Th (Wang et al. 2016).
All the samples were analyzed using a Thermo Fisher
NEPTUNE MC-ICP-MS at IGG. The collected U and Th
were introduced to CETAC Aridus II atomization room by
PFA ESI-50 atomizer. The U and Th were then heated and
atomized to aerosol and introduced to the mass spectrometer
with argon and nitrogen. The argon flow rates were set at 16 l/
min for plasma gas, 0.78 l/min for auxiliary gas and 0.8–1.1 l/
min for the sample gas. The Neptune was operated at low
resolution (M/DM = 300). The abundance sensitivity behind
the retardingpotential quadrupole (RPQ) is about 3–5 9 10-7
(Cheng et al. 2013; Wang et al. 2016). All the U and Th
isotopes were measured by secondary electron multiplier
(SEM). The detailed parameters of the mass spectrometer can
be found inWang et al. (2016) or Cheng et al. (2013). The age
of the samples can be calculated using the following Eqs. (1)
and (2) by measuring the present-day activity ratios of













where k230 and k234 represent the decay constants of
230Th
and 234U, respectively, and t is the age of sample.
The
234U
















d234Uinitial was calculated based on the
230Th age (t):




The U–Th isotope systematic of the samples and their
230Th ages are given in Table 1. The 238U concentrations of
sulfides range from 22.53 (±0.03) to 948.72 (±1.53) ppb
and the 232Th concentrations vary from 140 (±3) to 3363
(±68) ppt (Table 1). In general, the 232Th concentrations
are very low with samples 34-T8-2-1 and 20-T8-1-3 having
the lowest concentrations.
As shown in Fig. 3 and Table 1, there is no systematic
relation between the U content and the age of the sam-
ples. The samples with low U contents yield some of the
older ages as well as younger ages. The U contents
of sample 34-T8-1-1 (64.60 ± 0.12 ppb), 34-T8-1-2
Fig. 2 a Chimney section of 34-T8-1 and age distribution of each
part. The distance separating the center of sub-samples 9 and 14 is
about 8 cm. b Chimney section of 34-T8-2 and age distribution of
each part. c, d Overview of massive sulfide samples from Duanqiao
hydrothermal field. The number represents each part of the chimney






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(133.61 ± 0.23 ppb), 34-T8-1-11 (79.88 ± 0.12 ppb) is
low, but the ages of them are relatively older: 34.8 (±0.3)
kyrs, 48.8 (±0.4) kyrs and (26.1 ± 0.2) kyrs, respec-
tively. The U content of sample 34-T8-2-1, 20-T8-4-1,
20-T8-4-2 and 20-T8-4-3 is extremely low, which are
73.65 (±0.24), 26.74 (±0.04), 22.53 (±0.03) and 25.21
(±0.03) ppb respectively, while their ages are 2.5 (±0.1),
11.3 (±0.3), 8.9 (±0.3) and 12.9 (±0.4) kyrs. In some
cases, there is a large difference of U content between the
subsamples, such as between samples 34-T8-2 and 20-T8-
4. All the samples used in this study are the central part
of massive and relict chimney sulfide samples to avoid
external and the more oxidized parts. All these excludes
open system conditions with respect to uranium (Lalou
et al. 1998b; Kuznetsov et al. 2015; Mills et al. 1994).
Most of the measured d234U values range between 104.2
(±2.4) and 187.3 (±2.3) (Table 1). However, samples 34-T8-
1-2, 34-T8-1-3, 34-T8-1-7 and 34-T8-1-13 had d234U values
of 239.6 (±2.2), 220.3 (±2.3), 271.5 (±2.1) and 471.7 (±2.6)
respectively. The 230Th/232Th atomic ratios of relict chimney
samples fall within a wide range, from 95.4 (±2.5) 9 10-6 to
3.186 (±0.065) 9 10-3. While the 230Th/232Th atomic ratios
ofmassive sulfides span a relatively narrow range, from 140.1
(±3.7) 9 10-6 to 1.057 (±0.0037) 9 10-3. All the ages are
corrected with an initial 230Th/232Th value of 4.4
(±2.2) 9 10-6. The corrected 230Th age of the relict chimney
samples vary between 1.845 (±0.032) and 84.3 (±0.5) kyrs
while the corrected 230Th age of the massive sulfides range
from 0.737 (±0.023) to 15.8 (±0.4) kyrs.
Discussion
U and Th systematics of hydrothermal sulfides
from Duanqiao
The 232Th concentrations vary widely across the different
section of the relict chimney samples from 244 (±5) to 3363









































































































































































































































































































































































































































































































































































































































































































































































































Fig. 3 The relationship between the 230Th age and 238U concentra-




ranges from 140 (±3) to 748 (±69) ppt. In general, the 232Th
of most sulfides from Duanqiao fall in a certain range of 140
to 462 ppt. The thorium concentration sometimes increases
with the sulfide age (Fig. 4a), which may be attributed to Th
scavenging form ambient Th and Fe–Mn oxides over time
(Andersen et al. 2010; Ludwig et al. 2006).
Most d234Uinitial values of sulfides from Duanqiao fall in a
range 115 (±3) to 150 (±4), except for a few relict chimney
samples with higher d234Uinitial values (Table 1 and Fig. 4b).
Chen et al. (1986) found that vent fluid samples collected from
black smokers at the 21N EPR site had d234U values of
140–200, while seawater ranged from 149 (±8) to 155 (±17).
The vent fluid and seawater fromLost City hydrothermal filed
range from 92 (±116) to 183 (±46), 146.1 (±1.5) to 146.9
(±1.4), respectively (Ludwig et al. 2011). The d234Uinitial of
modern solitary deep sea corals ranges from 142.9 (±3.2) to
147.2 (±1.1) (Cheng et al. 2000). The d234Uinitial of carbonate
chimney samples from Lost City hydrothermal field range
from 132.2 (±2.0) to 173 (±17) and the average chimney
corrected initial d234U is 147.2 (±0.8) (Ludwig et al. 2011).
Most d234Uinitial values in our study fall with the range of 115
(±3) to 170 (±2) except for a few relict chimney sampleswith
higherd234Uinitial valueswhich arewithin the known ranges of
seawater and vent fluid (Fig. 4b). This may be caused by the
mixing of seawater and fluid during sulfide formation. The
uranium in the sulfides fromDuanqiao is derivedmainly from
seawater, if we assume amixingmodel using the end-member
value of fluid. In this study, we did not have the precise d234U
data from the seawater, vent fluid, and sediments from sea-
water ofDuanqiao hydrothermal field.Weplan to obtain these
measurements in future research. It is unclear why the d234-
Uinitial values of few relict chimney samples like 34-T8-1-7
(344 ± 3) and 34-T8-1-13 (583 ± 3) are high, and deviate
considerably from the seawater or well-known sediments
from seawater. This also needs to be addressed in further
studies.
Age distribution of relict chimney samples
The results of this study provide the first comprehensive
analysis of the age distribution of relict chimneys in the
SWIR. Most subsamples from the relict chimney sec-
tion 34-T8-1 range from 4.857 (±0.073) kyrs (sample
34-T8-1-6) to 84.338 (±0.534) kyrs (sample 34-T8-1-7).
From inner to outer of chimney section 34-T8-1 (1–4, 6–7,
9–13), the ages show an increasing tendency which may
indicate the growth history of the chimney (Fig. 5).
Fig. 4 Temporal variation of U–Th chemistry of sulfides from Duanqiao field. a 232Th concentration versus ages. b The d234Uinitial of most
sulfides of Duanqiao is near the ambient seawater value of 146.5 ± 0.6 (Ludwig et al. 2011)
Fig. 5 Age distribution of the relict chimney section 34-T8-1.
Numbers 1–14 represent different parts of the section. 1–5, 6–7,
9–14 indicate locations from the inner to outer parts of the conduits of
the chimney section. See details in Fig. 2
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However, from sample 34-T8-1-4 to 34-T8-1-5 and from
sample 34-T8-1-14 to 34-T8-1-15, the age suddenly drops
from 80 kyrs to several kyrs. Multi-stage mineralization of
the field is very common for many conduits of the relict
chimney samples. The mineralogy of Duanqiao indicates
that amorphous silica may be precipitated in the later stage
of chimney formation. After the chimney collapsed, the
reaction of seawater and basalts result the accumulation of
new sulfide, which may cause the suddenly change in the
composition of the adjacent subsamples.
Compared with chimney section 34-T8-1, the subsam-
ples of chimney section 34-T8-2 are younger and their age
distribution is narrow, from 1.845 (±0.032) kyrs to 4.954
(±0.061) kyrs. Sample 34-T8-2-2 near the central conduit
of the chimney yielded an age of about 2.150 (±0.046)
kyrs (Fig. 2b). Samples 34-T8-2-1 and 34-T8-2-3, which
are located away from the central conduit, are older,
indicating that the chimney grew from the outer wall to
inter wall. However, the 230Th/238U ages of samples 34-T8-
2-5, 34-T8-2-6, 34-T8-2-7 suggests that it grew from the
central to the outside side of the conduit (Fig. 2b).
Estimation of growth rate of the relict chimney
The growth rate of chimney, or mineralization rate, is
important to estimate the size of chimney or sulfide ore
bodies (Lalou et al. 1998a). The growth rate of chimneys
has been estimated by many methods including 210Pb/Pb,
228Ra/226Ra and 230Th/234U disequilibrium methods.
Kadko et al. (1985) estimated that the growth rate of a
chimney from the Juan de Fuca Ridge at 1.2 cm/yr by the
210Pb/Pb method. Based on the same method, an axial
seamount sulfide chimney from the Juan de Fuca Ridge
showed an average growth rate of 3.9 ± 1.9 mm/yr in the
earlier stage and 0.51 ± 0.06 mm/yr in the later stage
(Kim and McMurty 1991). However the chimney yielded
an average growth rate of 6.3 ± 2.1 mm/yr using the
228Ra/226Ra method (Kim and McMurty 1991). A barite-
rich chimney from Clam Bed Site from Endeavour Seg-
ment of the Juan de Fuca Ridge yielded a vertical growth
rate of 5.8 cm/yr and a radial growth rate of 2.6 cm/yr by
using 228Th/228Ra ages (Reyes et al. 1995).
Radioactive nuclides with short half-lives(\1 kyrs) are
commonly used to estimate the growth rates of chimneys
with rapid growth rates(Reyes et al. 1995). However, the
230Th/238U method was used for samples with older ages.
Takamasa et al. (2013) firstly demonstrated that a
hydrothermal sulfide deposit can continue to grow over a
time period of several 1000 years. The growth rate of the
barite-containing sulfide crust from South Mariana Trough
is less than 0.1 mm/yr. Then Ishibashi et al. (2015) dated
core samples from South Mariana Trough and estimated
that the growth rate of the massive sulfide were
0.2–1.5 mm/yr. More than 1000 years of continuous
hydrothermal activity would be necessary for the formation
of a massive sulfide deposit.
The results of this study are the first to estimate the
growth rate of relict chimneys and massive sulfide miner-
alization in the SWIR. According to the results of chimney
section of 34-T8-2, it may roughly suggest that sulfide
chimney grew continuously from *4.95 to 2.11 kyrs. The
distance from subsamples 34-T8-2-2 and 34-T8-2-7 is
about 5 cm (Fig. 2b). If we assume the hydrothermal
activity was in steady state in last 4.95 kys, the possible
estimated mean growth rate of the sulfide chimney is less
than 0.02 mm/yr (Fig. 2a). Stu¨ben et al. (1994) suggested
that the age of an inactive silica chimney from the Mariana
back-arc spreading center was around 7.5 kyrs, but the
growth rate can not be estimated because of the large
uncertainties associated with individual ages. Under the
similar conditions, with the intermittent hydrothermal
activity, it is also difficult to estimate the growth rate of
chimney section 34-T8-1. If we assume that the growth
was constant in the same time scale, the growth rate would
be similar to that obtained for chimney section 34-T8-2.
Episodes of hydrothermal activity
Complete geochronological data for sulfides from Duan-
qiao hydrothermal field are given in Table 1 and Fig. 2.
The oldest sulfide age is 84.338 (±0.534) kyrs, from the
northern part of the field. The youngest sulfide with an age
of 0.737 (±0.023) kyrs was observed at the middle part of
the field. Based on all the results of the two sample loca-
tions, four major episodes of hydrothermal activity can be
preliminary summarized during the last 80 kyrs (Fig. 6).
Hydrothermal activity may started about 84.3 (±0.5) kyrs
ago and lasted for about 15 kyrs. After a period of quies-
cence, around 46.3 kyrs ago, hydrothermalism was
Fig. 6 Four major episodes of hydrothermal activities at Duanqiao

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































reactivated for a period of 5000 years. Then hydrothermal
activity was interrupted for about 10 kyrs. This was fol-
lowed by the third hydrothermal event, between 25.3
(±0.1) to 34.8 (±0.3) kyrs. The most recent hydrothermal
event began at 17.3 (±0.1) kyrs ago. Hydrothermal activity
ceased about 0.737 (±0.023) kyrs ago. In the future, we
need to collect more samples here to better constrain the
episodes of hydrothermal activity of Duanqiao hydrother-
mal field.
Comparisons with ages of sulfides at other Mid-
Oceanic Ridge
Compared with the ages of sulfide ore samples from fast-,
intermediate-, and slow- spreading ridges, sulfide ages
from the ultraslow spreading center studied in this work are
also widely distributed. The ages of 270 sulfides from other
mid-oceanic ridge(MOR) sites range from\10 yrs to 200
kyrs. The majority of older sulfides (with ages greater than
*10 kyrs) are from the SWIR(Mu¨nch et al. 2001), CIR
(Lalou et al. 1998a, b; Wang et al. 2012), MAR (Cherka-
shev et al. 2013; Cherkashov et al. 2010; Lalou et al.
1993, 1996; Shilov et al. 2012) (Table 2; Fig. 7).
The maximum age of the relict chimneys (84 kyrs) in
Duanqiao hydrothermal filed is close to that of the chim-
neys at Mt. Jourdanne which yielded an age of 70 kyrs
(Mu¨nch et al. 2001). The ages of the massive sulfides from
Duanqiao (0.737 ± 0.023–15.886 ± 0.339 kyrs) are
younger than sulfides from most hydrothermal fields such
as Rainbow, Sonna and Ashadze-2 (Table 2; Fig. 7). The
sulfide ores from Peterburgskoe field of Mid-Atlantic
Ridge yielded the oldest age of 176.2 (±59) kyrs
(Cherkashev et al. 2013). Most of inactive fields are much
older than the active fields. The mean maximum age of
inactive fields is 80.52 kyrs while the mean maximum age
of active fields is 41.23 kyrs (Table 2).
There is a slight negative trend between the ages of
sulfide ore deposits and their spreading rates (Fig. 7).
Jamieson et al. (2013) pointed out that this slight anti-
correlation may reflect the amount of time a section of
ocean curst resides within the hydrothermally active neo-
volcanic zone of a spreading center.
There is no age correlation between the hydrothermal
events at different sites along the MAR, CIR and SWIR.
But there is great similarity between Duanqiao and Mt.
Jourdanne from the SWIR. Mu¨nch et al. (2001) recon-
structed the evolution history of Mt. Jourdanne
hydrothermal field. The age dating results indicate activity
in two episodes, at 70–40 and 27–13 kyrs. The authors
studied the sulfide samples from the nearby Dragon Flag
filed at the same time and the results show that the ages of
most sulfides from Dragon Flag field range from 1.496
(±0.176) to 5.416 (±0.116) kyrs with the oldest age esti-
mated at 15.997 (±0.155) kyrs (Yang et al. submitted for
publication). All these results suggest that hydrothermal
activity of Dragon Flag field is much more recent than that
of Duanqiao or Mt. Jourdanne fields.
Mt. Jourdanne is situated on an axial volcanic ridge
which has both volcanic and tectonic activity. This is
necessary to develop the heat source and pathways for the
fluid convection, which enables the hydrothermal circula-
tion (Mu¨nch et al. 2001). Hydrothermal activity in Dragon
Flag Field is located next to the detachment fault termi-
nation. The detachment fault system provides a pathway
for hydrothermal convection (Sauter et al. 2009; Tao et al.
2012; Zhao et al. 2013). Such style of heat source can
contribute to continuous hydrothermal activity for over
1000 years. Duanqiao field is located near the central
volcano and there is a hot mantle and/or fertile melt
beneath Duanqiao field (Tao et al. 2012; Niu et al. 2015).
The crust thickness is 9.5 km, suggesting the existence of
AMC (Axial Magma Chamber) which provides magma
source to the field (Li et al. 2015; Mendel et al. 2003). The
periodic hydrothermal activity at Duanqiao may be related
to the heat source provided by the local interaction of
magmatism and tectonism.
Cherkashev et al. (2013) compared data on the size and
age of ore fields from MAR and suggested that the time
parameter is crucial for the scale of ore formation. Jamie-
son et al. (2014) plotted the minimum ages of the deposit
and the mass accumulation rates and indicated that the
accumulation rates of inactive hydrothermal fields are
lower than those of most active sulfides. According to the
Fig. 7 Plot of the sulfides ages of mid-oceanic ridges and spreading
rates. 1-this study; 2-Mt. Jourdanne; 3-Ashadze-2; 4-Ashadze-1; 5-
Rainbow; 6-Snakepit; 7-TAG; 8-some hydrothermal fields of MAR
(including the Semyenov, Kranow, Zenith-Viectoria, Puy Des Folles;
Peterburgs; Logatchev-1, Logatchev-2, 16380N, 14450N); 9-Kairei;
10-Talus Tips; 11-Sonne Field; 12-Northern Cleft; 13-Endeavour; 14-
East Pacific Rise(EPR). The sulfides were dated by 230Th/238U
method, apart from some samples from Endeavour which were dated
using the 226Ra/Ba method and samples from Northern Cleft
Segment, Endeavour and East Pacific Rise that were dated by
210Pb/Pb method. The references are shown in Table 2
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minimum and maximal accumulation rate of an inactive
hydrothermal field (10 t/yr for MESO and 65 t/yr for
Semyenov), the preliminarily estimated reserves of sulfide
ores of Duanqiao are approximately 0.5–2.9 million tons.
Conclusions
In this study, 230Th/238U dating method was applied to
sulfides from Duanqiao hydrothermal filed of the SWIR.
Twenty-eight sulfides subsamples including relict chim-
neys subsamples and massive subsamples were analyzed.
A complementary geochronological study of hydrothermal
sulfides from this hydrothermal field was done.
1. The 238U concentrations of sulfides range from 22.53
(±0.03) to 948.72 (±1) ppb and the 232Th concentra-
tions vary from 140 (±3) to 3363 (±68) ppt. There is
no correlation between the 230Th age and the 238U
concentrations which excludes an scenario of open
system conditions with respect to uranium.
2. The ages of most subsamples from relict chimney
section 34-T8-1 range from 4.857 (±0.073) to 84.338
(±0.534) kyrs. From inner to outer of chimney
section 34-T8-1, the ages show an increasing ten-
dency, which may indicate the growth history. And the
age distribution of section 34-T8-2 is narrow, from
1.845 (±0.032) to 4.954 (±0.061) kyrs.
3. The results of this study are the first to estimate the
growth rate of chimneys in the SWIR. Based on the
results of chimney section of 34-T8-2, the possible
mean growth rate for sulfide chimney is less than
0.02 mm/yr. For the intermittent hydrothermal activ-
ity, it is difficult to estimate the growth rate of chimney
section of 34-T8-1.
4. Four major episodes of hydrothermal activity can be
preliminary summarized: 68.9–84.3, 43.9–48.4,
25.3–34.8, and 0.7–17.3 kyrs. The periodic character
of hydrothermal activity may be related to the heat
source provided by the interaction of magmatism and
tectonism.
5. There is great similarity between Duanqiao and Mt.
Jourdanne from Southwest Indian Ridge. The maxi-
mum age of relict chimneys (84 kyrs) in Duanqiao
hydrothermal filed is close to the chimneys from Mt.
Jourdanne which yielded an age of 70 kyrs. The
hydrothermal activity in Dragon Flag field is much
more recent than that of Duanqiao or Mt. Jourdanne
field. The ages of massive sulfides from Duanqiao are
younger than sulfides from most hydrothermal fields
such as Rainbow, Sonne and Ashadze-2. The prelim-
inarily estimated reserves of sulfide ores of Duanqiao
are approximately 0.5–2.9 million tons.
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